Abstract. Diabetic nephropathy (DN) is a long-term complication of diabetic mellitus. Numerous reports have suggested that oxidative stress is defined as the excessive production of reactive oxygen species (ROS) surpassing existing anti-oxidative defense mechanisms, and plays a critical role in the pathogenesis of diabetic nephropathy. Rosa laevigata Michx. (RLM) is the commonly used traditional Chinese medicine for the treatment of chronic urinary tract infections and anti-oxidative treatments, and has been shown to have a renal protective effect in diabetic rats. In the present study, we further investigate the effects of RLM on oxidative stress in the kidneys of streptozotocin-induced diabetic rats with DN. Our results suggest that RLM significantly ameliorates renal dysfunction in diabetic rats. The protection against the development of DN by RLM treatment involves increasing the activity of superoxide dismutase and total anti-oxidant capacity, decreasing the levels of malondialdehyde and ROS, and inhibiting the expression of nuclear factor-κB p65 and monocyte chemoattractant protein-1 at both the protein and mRNA levels with a concomitant increase in the expression of the IκBα protein. These results highlight the potential therapeutic application of RLM for the treatment of DN.
Introduction
Diabetic nephropathy (DN) is the most common cause of endstage renal disease (1) . The pathogenesis of DN is complex, and multiple pathways and factors that lead to kidney injury are involved, including oxidative stress (OS) (2) . There is strong evidence that OS, which precedes the development of endothelial cell dysfunction, plays a key role in the pathogenesis of DN (2) (3) (4) . OS is the imbalance of oxidants and anti-oxidants in favour of oxidants, which lead to the disruption of redox signaling and/or molecular damage (5) . OS is estimated by the production of pro-oxidants, such as superoxide, by the expression or activity of an anti-oxidant, such as superoxide dismutase (SOD), or by the damage induced by the OS of biomolecules, such as proteins (nitration of tyrosine residues, nitrotyrosine) and lipids (aldehydes from lipid peroxidation). Reactive oxygen species (ROS) play an important role in OS, and much evidence suggests that diabetes triggers multiple pathways for the increased generation of ROS (6) . These include enhanced glucose oxidation, increased mitochondrial superoxide production and the production of advanced glycation end-products (7, 8) . SOD, the first-line endogenous defence against superoxide production, converts superoxide (O 2 -) to hydrogen peroxide (H 2 O 2 ), which is degraded to water and molecular oxygen by catalase and glutathione peroxidase (9) . Reduction in OS ameliorates renal dysfunction in DN rats (10) . Therefore, the improvement of the anti-oxidant system and the reduction in OS may be a potential therapeutic target for DN.
Herbal medicines are naturally occurring, and herbal medicines or their extracts have been used to cure various diseases (11) . The active herbal compounds may be flavonoids, saponins and lipids, and are extensively present in plants, fruits and vegetables (12) . Rosa laevigata Michx. (RLM) (Rosaceae) is an evergreen climbing shrub widely distributed throughout southern China (13) . The leaves of RLM are widely used as a traditional Chinese folk medicine for the treatment of skin tumours, burns and ulcers (14) . These fruits, which are known as the commonly used traditional Chinese medicine, Jin Ying Zi, are listed in the Chinese Pharmacopoeia for the treatment of chronic urinary tract infections, wet dreams, urinary incontinence, uterine prolapses, menstrual irregularities and leucorrhea (13, 14) . RLM inhibits the growth of the influenza virus and Bacillus dysenteriae in vitro, and it has long been used for anti-inflammatory treatments. In addition, it is also used for anti-oxidative treatments (15) . However, the molecular mechanisms supporting its clinical claims remain elusive.
Our previous studies have shown that RLM treatment decreases the blood glucose and lipid levels in rabbits fed a high-glucose and -lipid diet (16) , and protects the kidneys of streptozotocin (STZ)-induced diabetic rats via decreasing the expression of TGF-β1, collagen type Ⅳ and monocyte chemoattractant protein-1 (MCP-1) (17, 18 In order to created the diabetic model, 40 SD rats, which were previously fed a high-fat/high-sucrose/high-cholesterol diet for 2 months, were administered STZ (Sigma, St. Louis, MO, USA; Lot 2126F) in a single dose of 65 mg/kg intraperitoneally (i.p.) in citrate buffer as previously described (19) . Fasting blood glucose (FBG) levels were measured on the 3rd day after STZ injection using the SinoCare SXT blood glucose meter (SinoCare Corp., Changsha, China). The animals were considered diabetic if FBG levels were >14 mmol/l (20) . Thirty diabetic rats were randomly selected and evenly divided into 2 groups comprising 15 animals in each group as follows: diabetic model group (DM, n=15) and diabetic + RLM group (DM + RLM, n=15, fed with aqueous extracts of RLM, 5 g/ kg/day) (18) . Another 20 normal SD rats were divided into 2 groups comprising 10 animals in each group as follows: normal control group (control, n=10) and normal control + RLM group (control + RLM, n=10, fed with aqueous extracts of RLM, 5 g/kg/day). The aqueous extracts of RLM were injected daily into the stomach.
All the rats were allowed access to water ad libitum, and weighed before the experiment and 1 day prior to sacrifice. Urine was collected from the rats housed in metabolic cages for 24 h. All animals were sacrificed at the end of the 24th week. Blood was collected from a puncture of the inferior vena cava at the time of sacrifice. The serum was separated by centrifugation and was stored at -20˚C until the analysis. Kidney samples were rapidly excised, decapsulated, weighed and frozen in liquid nitrogen or fixed in 10% buffered formaldehyde solution or glutaraldehyde (3% in PBS).
Histopathological examination of kidneys. For routine histopathological examination by light microscopy, a coronal slice of the kidney was processed in the standard fashion, and the sections were stained with H&E and periodic acid-Schiff (PAS). The average area and volume of the glomerulus were measured using the HPIAS-2000 Image Analysis System V6.0. Mean values were calculated for each of the 10 glomeruli per section. Glutaraldehyde (3% in PBS)-fixed renal tissues were post-fixed with 1% OsO 4 for 90 min and dehydrated with graded ethanol. Samples were embedded with resin (Epon 812) and polymerised at 72˚C for 48 h. Ultrasections (50-70 nm) were stained with lead acetate and uranyl and were observed using a JEM1230 microscope (Tokyo, Japan). The images were captured with a Gatan imaging system (Gatan Inc., NY, USA).
Biochemical analysis of blood. Serum samples were collected for the measurement of total cholesterol (TC), triglyceride (TG), blood urea nitrogen (BUN) and serum creatinine (Scr) levels. Every 24 h, the urine from each rat was collected from the metabolic cage to measure urinary albumin. Each of these measurements was performed according to the manufacturer's instructions (Nanjing Jiancheng Biomedical Engineering Co. Ltd., Nanjing, China).
Anti-oxidant defenses and OS biomarkers in kidney homogenates.
Kidney homogenates (10%, w/v) were prepared with 0.1 M PBS and centrifuged at 12,000 x g for 10 min. The supernatant was used to determine the total anti-oxidant capacity (T-AOC), SOD and malondialdehyde (MDA) levels with commercially available kits (Nanjing Jiancheng Biomedical Engineering Co. Ltd.) and ROS levels with a commercially available kit (Shanghai Yueyan Biological Technology Co., Ltd., Shanghai, China). The experiments were carried out according to the manufacturer's instructions.
Quantitative real-time PCR (qRT-PCR).
Quantitative realtime PCR analysis was performed as described previously (21) . Briefly, total RNA was extracted using the TRIzol extraction kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions and then reverse-transcribed by the AMV reverse transcriptase (Promega, Madison, WI, USA). The qRT-PCR assays were performed with a SYBR-Greencontaining PCR kit (GenePharma, Shanghai, China). The primers used to detect nuclear factor-κB (NF-κB) and MCP-1 mRNA by qRT-PCR were as follows: NF-κB p65 forward, 5'-TTCCTCAGCCATGGTACCTC-3' and reverse, 5'-CCCC AAGTCTTCATCAGCAT-3' (GenBank accession no. NM-009045.4); and MCP-1 forward, 5'-CAGAAACCAG CCAACTCTCA-3' and reverse, 5'-AGACAGCACGTGGA TGCTAC-3' (GenBank accession no. AF058786). The mRNA expression was normalised to that of GAPDH. The primer sequences for GAPDH were: forward, 5'-TCAAGAAGGTGG TGAAGCAG-3' and reverse, 5'-AGGTGGAAGAATGGGA GTTG-3' (GenBank accession no. NM-017008). All real-time PCR analyses were performed using the Bio-Rad IQTM5 multicolor real-time PCR detection system (Bio-Rad, Hercules, CA, USA). The relative change in MCP-1 mRNA expression was determined by a fold-change analysis in which the degree of change = 2 -ΔΔCT (22) .
Western blotting. Total and nuclear proteins were isolated from the kidney tissue of rats using a nuclear and cytoplasmic extraction kit (Pierce Biotechnology, Rockford, IL, USA). Western blot analysis was performed as described previously (23) . Briefly, total and nuclear proteins were extracted following the homogenisation of the renal cortex using a nuclear and cytoplasmic extraction kit (Pierce Biotechnology). The concentration of protein was determined using a BCA™ protein assay kit (Pierce Biotechnology) according to the manufacturer's instructions. Protein extracts (30 µg) were combined with an equal volume of 2X loading buffer, boiled for 5 min and size-fractionated by electrophoresis on 10% SDS-polyacrylamide gels. Proteins were transferred onto nitrocellulose membranes by electroblotting. Membranes were incubated with 5% skim milk powder in PBS for 1 h and were subsequently incubated with primary antibodies for anti-NF-κB p65 (1:1,000), anti-IκBα (1:1,000; Beyotime, Jiangsu, China), MCP-1 (1:1,000; Cell Signaling Technology, USA) and mouse anti-β-actin (1:2,000; Sigma) overnight at 4˚C. After incubation, the samples were washed, incubated with peroxidase-conjugated secondary antibody, detected using enhanced chemiluminescence (Cell Signaling Technology) and captured on X-ray film. Protein levels were quantified densitometrically with a documentation system.
Statistical analysis.
Data from these experiments were assessed using SPSS 11.5 software. Results are represented as the means ± standard deviation (SD). The one-way analysis of variance (ANOVA) and t-test were used for a statistical comparison within and between groups. P<0.05 denoted a statistically significant difference.
Results
Characteristics of the experimental rats. Table I presents the details of the rat characteristics in the 4 groups at the end of the experimental period. The ratio of kidney weight to body weight (KW/BW) and average kidney weight (KW) significantly increased, while the body weight (BW) decreased in the diabetic group compared to the normal control group (P<0.05). RLM treatment maintained BW and decreased KW/BW compared to the DM group (P<0.05). Blood glucose levels of the diabetic rats were markedly elevated compared to the normal control rats throughout the entire experiment, but the blood glucose levels of the DM + RLM group rats showed a partial improvement at the end of the experiment. TC, TG, BUN and Scr levels were also significantly improved in the DM group compared to the control group, and these heightened levels were partially rescued by RLM treatment.
Compared to the control rats, the 24-h urine volume of the DM rats was significantly larger and was partially reduced in the DM + RLM group. There was no significant difference in any of these parameters between the control + RLM and the normal control groups (P>0.05).
Changes in urinary albumin levels. In order to assess the effects of RLM treatment on the kidney functional abnormalities in DM rats, urinary albumin excretion was measured. The values in the DM rats were markedly higher, while significantly reduced in the DM + RLM group (Table I) . There were no significant differences in urinary albumin excretion of rats in the control + RLM group compared to the normal control group. This shows that RLM moderates the kidney functional abnormalities of diabetic rats.
Effect of RLM on T-AOC and SOD activity, MDA and ROS levels in kidney homogenates.
Compared to the control group, the T-AOC and SOD levels were significantly reduced in the kidneys of DM rats; instead, the MDA and ROS levels were obviously increased. RLM treatment significantly increased T-AOC and SOD levels and decreased the levels of MDA and ROS in the diabetic rats compared to the diabetic control rats (P<0.05). However, there were no significant differences in the above parameters between the control + RLM and normal control groups (P>0.05) (Fig. 1) .
Changes in kidney morphology. We used glomerular volume to evaluate glomerular hypertrophy. The mean glomerular volume of the diabetic rats was 2.58x10 6 µm 3 , which was significantly greater than that of the normal control rats (1.79x10 6 µm 3 ). However, the mean glomerular volume in ) was less than that of the diabetic rats. There were no significant differences in the glomerular volume of rats in the control + RLM group (1.81x10 6 µm
3 ) compared to the normal control group. Fig. 2A shows the findings of representative histopathology from PAS-stained kidneys of the 4 groups. The mesangial matrix was damaged more extensively in the glomeruli of diabetic rats than in the control rats, and the damage was reduced in the DM + RLM group. Fig. 2B shows the quantitative analysis results of mesangial matrix expansion in all groups. The ratio of the mesangial matrix to the glomerular area in the diabetic rats was markedly higher compared to the normal control rats, while this expansion was significantly reduced in the DM + RLM group. As a characteristic of early DN is the thickening of the glomerular basement membrane (GBM), we evaluated the ultrastructural glomerular changes and the thickness of the basement membranes by electron microscopy. As shown in Fig. 2C , the GBM thickening and podocyte foot process effacement were striking in the diabetic rats, but these conditions began to revert back to normal following RLM treatment. There were no significant differences in kidney morphology between the normal control and control + RLM groups, which therefore suggested that RLM treatment did not lead to renal injury in the rats.
Effect of RLM on NF-κB p65 and MCP-1 expression in kidneys.
The effect of RLM treatment on NF-κB p65 and MCP-1 expression in diabetic kidneys was evaluated by qRT-PCR and western blotting. As shown in Fig. 3A and B, the mRNA and protein expression levels of NF-κB p65 and MCP-1 were significantly increased in the kidneys of diabetic rats compared to the normal control rats, and the increasing expression of NF-κB p65 correlated with a concomitant degradation of the inhibitory protein, IκBα, in the cytosol. However, RLM treatment significantly inhibited the expression of NF-κB p65 and MCP-1 at both the mRNA and protein levels in the diabetic rats, and correlated with a concomitant increase in the expression of IκBα protein. There were no significant differences in the expression of NF-κB p65 and MCP-1 between the normal control and control + RLM groups.
Discussion
DN is the major cause leading to end-stage renal disease. The pathological effects of DN include kidney hypertrophy, glomerular and tubular basement membrane thickening. This condition is further characterised by persistent proteinuria, hypertension and deterioration of renal function (24) . Furthermore, mesangial matrix expansion and increased albuminuria closely correlate with the progression of renal failure (25) . In the present study, STZ-induced diabetic rats showed significantly elevated blood glucose levels, higher KW/ BW ratios, as well as increased urine protein, urea nitrogen and Scr levels, which are indicative of kidney hypertrophy, glomerular injury and renal dysfunction (26) . The mesangial matrix was more extensive in the glomeruli of diabetic rats than in normal control rats, and the GBM thickening and podocyte foot process effacement were striking in the diabetic rats. However, STZ-induced DM rats were treated with RLM for 24 weeks; we found that in the RLM-treated group, the diabetic parameters mentioned above were partially reverted, which suggests that RLM may effectively ameliorate renal injury in STZ-induced diabetic rats. Furthermore, there were no significant differences in the parameters mentioned above between the normal control and control + RLM groups, which therefore suggests that RLM treatment does not lead to renal injury in rats.
OS is defined as an excessive production of ROS surpassing the existing anti-oxidative defense mechanisms, and plays a critical role in the development and progression of diabetic complications, including DN (27) . The markers of OS, such as ROS and reduced levels of anti-oxidants, have been found in the blood and renal tissues during both human and experimental diabetes (28) . ROS play an important role in high glucose-induced renal injury. Numerous reports have shown that hyperglycemia generating ROS, such as O 2 -and H 2 O 2 , in renal mesangial or tubular cells contribute to the overproduction of extracellular matrix proteins and inflammation (29, 30) . In addition, hyperglycemia attenuates anti-oxidative mechanisms through the glycation of scavenging enzymes, such as SOD and catalase. However, SOD is the first-line physiological defence against OS and, as an enzymatic anti-oxidant, SOD rapidly catalyses the dismutation of O 2 -and promotes its removal (31) . The importance of SOD in the pathogenesis of diabetic renal lesions has been elegantly demonstrated by numerous studies (32) . In DN animal models, the addition of the exogenous SOD mimetic tempol has shown encouraging results in the suppression of albuminuria (33, 34) . In addition, tempol has been shown to diffuse through the cell membrane and react with both intracellular and extracellular ROS (34) . Other studies have shown that urinary MDA levels are a reliable index for kidney damage (35) . A previous study showed that type 2 diabetic patients with biopsy-diagnosed diabetic glomerular sclerosis have increased plasma and urinary MDA levels. Chang et al (36) demonstrated that increased urinary MDA levels are a consequence of increased glomerular MDA levels; they also found that both plasma and urinary levels of MDA, which is an important marker of lipid peroxidation, are markedly higher in patients with DN than in healthy controls. The urinary MDA levels significantly correlate with the degree of glomerulosclerosis and the index of mesangial expansion in DN patients (36) . In the present study, kidney dysfunction resulting from diabetes was accompanied by a decrease in T-AOC and SOD levels, and increased levels of MDA and ROS in the kidneys, suggesting that heightened OS is involved in the impairment of renal function. The changes in T-AOC and SOD levels, MDA and ROS levels in rats with DN were reversed by RLM treatment, indicating that anti-OS could be one of the mechanisms by which RLM treatment alleviates kidney dysfunction in STZ-induced diabetic rats.
The kidney may be particularly vulnerable to early structural and functional damage caused by hyperglycemia-induced OS in diabetes (2) . OS and inflammation induced by diabetes in the kidney are closely related events in the pathogenesis of DN. It is well known that the generation of reactive species by inflammatory cells induces OS. However, OS may induce inflammation through NF-κB-mediated pro-inflammatory gene expression (37) , and this intricate relationship has been demonstrated by numerous studies (38) . Diabetes-induced glomerular macrophage infiltration and NF-κB activation are associated with albuminuria, mesangial expansion and glomerular hypertrophy in the kidney, which have been partially or completely prevented by anti-inflammatory agents, such as mycophenolate mofetil, erythromycin or methotrexate (39) . In response to OS, NF-κB is activated and allowed to translocate into the nucleus, where it enhances the transactivation of genes encoding cytokines, and leads to the increased production of many inflammatory cytokines, including MCP-1, that play an important role in the pathogenesis of DN (40) . MCP-1 is a specific chemoattractant for monocytes and is implicated in the recruitment and activation of monocytes/macrophages to the glomerulus during proliferative glomerular disease; it is overexpressed in glomeruli, which precedes and closely correlates with macrophage infiltration (41) . The importance of MCP-1 in early DN has been demonstrated using genetically deficient rats or the therapeutic blockade of the MCP-1 receptor, CCR2 (42, 43) . MCP-1 has also been recognised as a possible mediator of the development and progression of diabetic renal injury (44) . However, numerous studies have shown that the activation of NF-κB plays an important role in MCP-1 expression in diabetic renal injury. In vitro and in vivo, high glucose levels or homocysteine stimulate MCP-1 mRNA and protein expression through the activation of NF-κB (44, 45) . The stretching of mesangial cells also stimulates MCP-1 activity via an NF-κB-mediated MCP-1-dependent pathway, and this effect is prevented by rosiglitazone (41) . In the present study, NF-κB and MCP-1 mRNA and protein expression in the kidney were increased significantly in the diabetic rats, which also suggested the involvement of NF-κB and MCP-1 in the development of DN. Furthermore, RLM treatment significantly inhibited the mRNA and protein expression of NF-κB and MCP-1 in diabetic rats, and correlated with a concomitant increase in the expression of the IκBα protein.
In conclusion, the present study demonstrates that systematic and local markers of OS are significantly increased in STZ-induced diabetic rats. Increased glomerular ROS levels are associated with decreased anti-oxidant levels and with a profound impairment in the oxidative-anti-oxidative balance in diabetic renal function. Furthermore, a NF-κB-MCP-1-dependent pathway may be involved in this impairment. RLM treatment was found to ameliorate these functional and histological abnormalities by improving glucose and lipid metabolism, reducing OS and inhibiting the expression of NF-κB and MCP-1. Further studies are required to understand the specific signaling pathway through which RLM exerts its protective effects on the diabetic kidney.
